Abstract 27
It has been suggested that a deep memory of early life is hidden in the architecture of metabolic 28 networks, whose reactions could have been catalyzed by small molecules or minerals prior to 29 genetically encoded enzymes (1-6). A major challenge in unraveling these early steps is 30 assessing the plausibility of a connected, thermodynamically consistent proto-metabolism under 31 different geochemical conditions, which are still surrounded by high uncertainty. Here we 32 combine network-based algorithms (9, 10) with physicochemical constraints on chemical 33 reaction networks to systematically show how different combinations of parameters 34 (temperature, pH, redox potential and availability of molecular precursors) could have affected 35 the evolution of a proto-metabolism. Our analysis of possible trajectories indicates that a subset 36 of boundary conditions converges to an organo-sulfur-based proto-metabolic network fueled by a 37 thioester-and redox-driven variant of the reductive TCA cycle, capable of producing lipids and 38 keto acids. Surprisingly, environmental sources of fixed nitrogen and low-potential electron 39 donors seem not to be necessary for the earliest phases of biochemical evolution. We use one of 40 these networks to build a steady-state dynamical metabolic model of a proto-cell, and find that 41 different combinations of carbon sources and electron acceptors can support the continuous 42 production of a minimal ancient "biomass" composed of putative early biopolymers and fatty 43 acids. The structure of metabolism carries a memory of its evolutionary history that may date back to 58 before the onset of an RNA-based genetic system (1-6). Decoding this ancient evolutionary 59 record could provide important insight into the early stages of life on our planet (2, 5-8), but 60 constitutes a challenging problem. This challenge is due both to the difficulty of interrogating 61 complex biochemical networks under different environmental conditions, and to the uncertainty 62 about these conditions on prebiotic Earth. Estimates of plausible Archean environments that led 63 to the emergence and evolution of living systems vary dramatically (21, 22), ranging from 64 alkaline hydrothermal vents driven by chemical gradients (23) to acidic ocean seawater driven by 65 photochemistry (3, 4). Although geochemical data support the availability of mid-potential 66 electron donors (H2) (24), sulfur (H2S) and potentially fixed carbon (25) in ancient environments, 67
several key molecules used in living systems may have been severely limiting, including a 68 source of fixed nitrogen (26, 27) (e.g. ammonia), low-potential electron donors (28, 29) and 69 phosphate (30-32). Rather than assuming a steady supply of these biomolecules, one can 70 critically revisit the notion that these molecules would have been necessary for the emergence of 71 ancient proto-metabolic systems. Indeed, we recently used network-based algorithms to ask 72 whether early metabolism would have required a source of phosphate, and found evidence that 73 thioesters, rather than phosphate, may have endowed ancient metabolism with key energetic and 74 biosynthetic capacity (12). This raises the broader question of whether other molecules and 75 physico-chemical conditions may not be as crucial as previously thought for the emergence of a 76 proto-metabolism. Understanding these dependencies could also reveal whether specific 77 components of metabolism are particularly robust or fragile with respect to these initial 78 conditions. 79 80 A computational method that can help address these questions is the network expansion 81 algorithm, which simulates the growth of a biochemical network by iteratively adding to an 82 initial set of compounds the products of reactions enabled by available substrates, until 83 convergence (9, 10). This algorithm, in its application to the study of ancient life (11)(12), relies 84 on three key assumptions: first, that chemical reactions successful in early processes were 85 gradually augmented with new pathways, but never replaced; second, that, over long time-scales, 86 horizontal gene transfer produced abundant shuffling of biochemical reactions across different 87 organisms (19, 20) , suggesting that an ecosystem-level approach to metabolism may be 88 particularly suitable for describing ancient biochemistry; and third, that inorganic or small 89 molecular catalysts (12, 13) could catalyze, in a weaker and less specific manner relative to 90 modern enzymes, a large number of metabolic reactions, as confirmed by an increasing body of 91 experimental evidence (14-18). 92
93
In this paper, we systematically explore a combinatorial set of molecules and parameters 94 associated with possible early Earth environments, and use an enhanced network expansion 95 algorithm to determine which proto-metabolic networks are thermodynamically reachable under 96 each of these initial conditions. We further use constraint-based flux balance modeling to 97 demonstrate the capacity of some of these networks to sustain flux, in a way that resembles 98 homeostatic growth of present-day cells. Our results suggest that a thioester-driven organic 99 network may have robustly arisen without phosphate, fixed nitrogen or low-potential electron 100 donors. This network, by supporting the biosynthesis of keto acids and fatty acids may have 101 prompted the rise of complex self-sustaining biochemical pathways, marking a key transition 102 towards the origin of life. 103
104
We first sought to systematically characterize the effect of various geochemical scenarios 105 on the possible structure of ancient metabolism. Building on prior work (11, 12), we constructed 106 a model of ancient biosphere-level metabolism based on the KEGG database (33). We first 107 modified the network (as described in Methods) to account for previously proposed primitive 108 thioester-coupling and redox reactions (12). For each possible set of environmental parameters 109 (including temperature, pH and redox potential) we computed the thermodynamic feasibility of 110 each reaction, and removed infeasible reactions (see Methods). This allowed us to implement a 111 thermodynamically-constrained network expansion algorithm (12), which iteratively adds 112 metabolites and thermodynamically-feasible reactions to a network until convergence (see 113 Methods). We performed thermodynamically-constrained network expansion (see Methods and 114 Beyond the dispensability of nitrogen, the simulations described above revealed a number 135 of relationships between plausible geochemical scenarios and the structure and size of our 136 simulated proto-metabolic networks. First, expansion beyond 100 metabolites was feasible in 137 the absence of a source of fixed carbon, but only when thiols were provided in the seed set, 138 highlighting the importance for thioester-coupling for ancient carbon fixation pathways (12, 28, 139 29). The presence of thiols enabled the production of key biomolecules, including fatty acids and 140 branched chain keto acids (see Fig S2) . Second, we explored the effect of the primitive redox 141 system by systematically varying the reduction potential of the electron donor in the seed set (see 142
Methods, Fig. 2A ). Unexpectedly, we found that as we increased the fixed potential of the 143 electron donor, expansion to a large network was feasible over a broad range of reduction 144 potentials (between -150 and 50 mV). Only upon reaching 50mV the expanded network 145 collapsed to a much smaller solution, suggesting that the generation of low-potential electron 146 donors from H2 may not have been a necessary condition for the early expansion of a proto-147 metabolism (Fig. 3A) . Thus, less stringent constraints, e.g. the presence of mid-potential redox 148 couples and thioester-forming thiols could have enabled the emergence of an autotrophic proto-149 metabolic network capable of producing key biomolecules. Notably, both functions can be 150 potentially carried out by disulfides. 151 152 Analysis of the expanded networks without nitrogen revealed that a large number of 153 different initial conditions converged to similar expanded organo-sulfur proto-metabolic 154 networks, spanning variants of key pathways in central carbon metabolism (Fig. 3B ). For the 155 majority of simulations, variants of modern heterotrophic carbon assimilation pathways, 156
including the glyoxylate cycle and TCA cycle, were highly represented in the network (Fig. 3B ). 157
Several carbon fixation pathways were highly represented in the simulated networks as well: in 158 over half of the networks that expanded beyond 100 metabolites, we found 92 % (12/13) of the 159 compounds (or generalized derivatives) that participate in the reductive tricarboxylic acid 160 (rTCA) cycle, with the exception of phosphoenolpyruvate. We also found that under several 161 geochemical conditions, all intermediates were producible for three carbon fixation pathways, 162
including the 3-hydroxypropionate bi-cycle, the hydroxypropionate-hydroxybutylate cycle, and 163 the dicarboxylate-hydroxybutyrate cycle (Fig. 3A) . At-most, only 3 of 9 metabolites used in the 164 Wood-Ljungdahl (WL) pathway were observed, due to the lack of nitrogen-containing pterins in 165 the network. This does not necessarily rule out the primordial importance of the WL-pathway, as 166 its early variants could have been radically different than today's WL-pathway, relying on native 167 metals to facilitate reduction of CO2 to acetate (25, 29). In addition to observing a large number 168 of metabolites used in carbon fixation pathways, we found that a large fraction of the -oxidation 169 pathway was represented in our networks, which may have supported the production of fatty 170 acids in ancient living systems by operating in the reverse direction. Lastly, we observed that the 171 majority of intermediates involved in the production of branched-chain amino acids were also 172 producible in the expanded networks. usually under the assumption that a specific composition of biomolecules is efficiently produced 202 during a homeostatic growth process. In microbial metabolism, FBA is used to simulate the 203 production of cellular biomass (e.g. protein, lipids, and nucleic acids) at fixed proportions, which 204 are derived from known composition of extant cells. We realized that the same approach could 205 help test the sustainability of a proto-metabolic biochemical system, provided that we could 206 develop a plausible hypothesis for the "biomass composition" of ancient proto-cells. As a 207 starting point, we recalled Christian de Duve's suggestion that the thioester-driven 208 polymerization of monomers producible from ancient proto-metabolism may have led to 209 "catalytic multimers," which could have served as catalysts for ancient biochemical reactions (4). 210
Under nitrogen limited conditions, keto acids producible from proto-metabolism (see Fig. 3B ) 211 could have been reduced to -hydroxy acids, and polymerized into polyesters using thioesters as 212 a condensing agent (see Fig. S3 ). Recent work has suggested that polymers of -hydroxy acids 213 may have been stably produced in geochemical environments (35), and that these molecules 214 could have served as primitive catalysts (36). These results all point to the intriguing possibility 215 that the thioester-driven polymerization of -hydroxy acids (producible from keto acid 216 precursors of common amino acids) generated the first metabolically sustainable cache of ancient 217 catalysts, leading to a collectively autocatalytic protocellular system. We employed FBA to 218 specifically test the feasibility of such a system. Using an expanded metabolic network as a 219 scaffold for network reconstruction (Fig. 3B) , we constructed a constraint-based model of an 220 ancient proto-cell using a biomass composition consisting of fatty acids (for proto-cellular 221 membranes), "catalytic multimers" derived from eight keto acids (Fig. 4B) , and redox and 222 thioester-based free energy sources (Methods, Fig. 4A ). We used thermodynamic metabolic flux 223 analysis (TMFA), a variant of FBA that explicitly considers thermodynamic constraints (37) (see 224
Methods), to determine whether homeostatic growth of the whole system was achievable. We 225 found that growth of the proto-cell metabolic model is indeed feasible under a wide variety of 226 assumptions regarding macromolecular compositions and input molecules (Fig. 4B) . Notably, 227 growth is achievable in simple chemoautotrophic conditions with either H2 or H2S, but not 228 Fe(II), as electron donors (Fig. 4B ). In this model, thiols and thioesters are not supplied as food 229 sources, but rather are recycled during steady-state growth of the proto-cell. This reflects the 230 possibility that thiols could have been initially supplied abiotically, followed by the rapid 231 takeover of biotic production of mercaptopyruvate, a keto acid that could have been incorporated 232 into primitive multimers. 233 234 While most efforts to reconstruct ancient biochemistry have traditionally relied on 235 building qualitative models of small pathways (2, 4, 5, 7, 38), we found that quantitative 236 modeling of larger networks can provide substantial new insight into the origin of life. By 237 computationally mapping geochemical scenarios to plausible ancient proto-metabolic structures, 238
we estimated which portions of extant biochemistry may have been very sensitive or very robust 239 to initial geochemical conditions. Our approach reveals that, contrary to expectations (8, 28, 39), 240 environmental sources of fixed nitrogen and low-potential electron donors may have not been 241 necessary for early biochemical evolution, and a substantial degree of complexity may have 242 emerged prior to incorporation of nitrogen into the biosphere (3). The key catalytic role played 243 by nitrogen in the active sites of modern enzymes may have been preceded by positively charged 244 surfaces or metal ions (18, 25), which could have been replaced by amino/keto acids with 245 nitrogen side chains once nitrogen became incorporated into proto-metabolism. Our simulations 246 also cast doubts on the essential role of a low-potential electron donor in early life (8, 28, 29), 247 consistent with the proposal that low-potential electron donors may not be necessary for 248 acetogenesis (40), and with the possibility that energy conservation via electron bifurcation 249 might not have been necessary in primordial metabolism. The independence of our inferred 250 ancestral networks of low-potential electron donors and ATP, both key substrates for nitrogen 251 fixation (41), suggests that nitrogen fixation may have evolved later throughout the history of life 252 (42-44). A striking feature of our analysis is the convergence of multiple geochemical scenarios 253 towards a core organo-sulfur proto-metabolic network capable of producing various keto acids 254 and fatty acids (Fig. 3B) . This feature provides a window into how thioester-driven 255 polymerization of -hydroxy acid monomers (derived from producible keto acids) could have 256 added primitive macromolecular organic catalysts (4) to initial inorganic minerals or metal ion 257 catalysts (18, 25). Further tests of this hypothesis could be pursued by measuring the capacity of 258 these polymers to catalyze key reactions in the network, and by exploring whether these organic 259 compounds are produced in living systems today via mechanisms similar to polyketide or non-260 ribosomal peptide synthesis. Finally, our constraint-based models of this core organo-sulfur 261 proto-metabolism provide a first example of how network expansion-based predictions can be 262 translated into dynamical models, whose capacity to estimate sustainable collective growth can 263 drive the search for specific self-reproducing chemical networks and metabolically-driven 264 artificial protocells. 265 266 Acknowledgements 267 We thank all members of the Segre` Lab for helpful discussions. We acknowledge support by the 268 concentrations under a variety of environmental conditions. The metabolic model was 444 constructed using internally-generated reductants and thioesters that fueled biomass formation. 445
The biomass composition was specified as variable fractions of fatty acids, and polymerized 446 hydroxyacids from keto-acid precursors (see Methods). In this model, the internal redox 447 coenzyme was assumed to be disulfide/dithiol at a standard reduction potential of -220 mV, and 448 the production of biomass was fueled by the hydrolysis of acetyl-thioesters. We parameterized 449 the biomass composition using a two-parameter model (see Methods), with the mass fraction of 450 lipids in the proto-cell set to = 0.2, and the the average size of a catalytic multimer, n = 10. (B) 451
We simulated growth on a variety of simple carbon sources (y-axis) and electron donors (x-axis), 452 and show environments supporting non-zero growth (light grey) or no growth (dark grey). 453
Interestingly, H2, H2S and glutathione were the only reductants capable of supporting fully 454 autotrophic growth on CO2. Furthermore, CO and Methane could not support growth in this 455 model, while other one-carbon sources like methanol, formate and formaldehyde could support 456 biomass growth. 457
